A study of high-resolution ADF imaging in aberration-corrected STEMs was carried out by multislice simulation. The presence of amorphous layers at the surface of a crystalline specimen is shown to significantly alter the visibility of the atomic columns in ADF images. After propagating through an amorphous layer a portion of the beam passes without any alteration while scattered electrons introduce a Gaussian background. An amorphous layer at the beam entry surface appears to have slightly more of an effect on the ADF image contrast than that of an amorphous layer at the exit surface, and this difference increases with increasing atomic number. With a constant crystal layer thickness, the reduction of contrast as a function of increasing amorphous layer is found to have the same behavior and trend, regardless of the initial crystal layer thickness.
INTRODUCTION
Very often layers of amorphous material are present on the surfaces of crystalline specimens prepared for study in conventional transmission electron microscopes (TEMs) or scanning-TEMs (STEMs). The reasons for the presence of the amorphous layers in these specimens vary. Preparation of thin, electron-transparent specimens is often carried out by manual polishing [1] [2] [3] or ion milling [4, 5] . Both methods almost always result in the creation of amorphous layers on the polished/milled surfaces, although the thickness of these layers varies with technique, setup and operator skills. Amorphous carbon films often serve as supports for specimens such as quantum dots, rods and wires. In some cases specimens are sensitive to electron-beam-induced knock-on damage [7, 6] . For these samples the surfaces can be intentionally covered with a layer of amorphous carbon for protection [7] . Electron-beam-induced damage itself creates pockets of amorphous material, at locations in the crystal that are uncertain but with effects that will be consequential in the resulting ADF image.
The presence of an amorphous layer on the surfaces of crystalline specimens is expected to have an effect on high-resolution annular dark field (ADF) imaging, and multislice simulations in a previous study [8] have found amorphous material to cause a marked reduction in contrast. This paper explores the effect varying thicknesses of amorphous material have on the contrast of ADF STEM images.
MULTISLICE ADF-STEM SIMULATIONS
The algorithm for calculation of the ADF-STEM images is based on the multislice method [9] , and a more detailed discussion of the method as used in these simulations is given in [8] . The ADF-STEM simulations presented in this paper were performed primarily on silicon specimens in the [110] crystal orientation with added layers of silicon amorphous material. The sizes of the Si supercells used in the calculations were: 27.15×26.88 Å. The images were obtained by scanning the probe over a 12×12 Å area in the middle of the supercell with 70×70 steps, and the contrast of these images was subsequently obtained. The slice thickness used for Si crystals aligned along the [110] was 1.920 Å, and the inner and outer angles of the ADF detector were 54 and 240 mrads. All calculated ADF intensities are normalized with respect to the incident beam and, because the incident probe intensities in all calculations are kept the same, they are all normalized to the same value. This normalization to a single incident electron is essential for a quantitative comparison of different ADF intensities.
Contrast values for each ADF image is obtained by taking the average intensity value from the atomic column locations, I max , the areas between the atomic columns, I min , and the average intensity value of the entire image, I mean . The value for the contrast is found by subtracting I min from I max and dividing by I mean . This formula was chosen so that images with high definition of atomic columns have a large contrast value, whereas images of amorphous materials have a contrast value of zero.
The STEM probe used for the simulations in this paper is one whose axial aberrations have been corrected, creating a spatially focused probe of ~0.8 Å, close to the conditions used in [10] : acceleration voltage of 100 kV, C s(3) =-0.015 mm, C 5 =10 mm, objective angle of 25 mrad, and defocus of -30 Å. A plot of the intensity of this probe is shown in Figure 1 . The contrast of ADF STEM images was calculated for Si samples in the [110] orientation for samples that were half amorphous and half crystal. The thickness of the total sample was varied, and the contrast for each thickness is plotted in Figure 2 (A).
Figure 2:
The ADF image contrast for varying sample thickness is shown, where each sample (except "crystal only") is constructed of 50% crystal and 50% amorphous material. In (A), the top data shows the contrast of the crystal layer only, whose thickness is half the corresponding value on the x-axis. The other data plots show the reduction in contrast with the addition of an amorphous layer with the same thickness as the crystal layer, where the total sample is oriented with the crystal at the entry surface (open square), the amorphous at the entry surface and the probe defocused to focus on the crystal (open triangle), and the amorphous at the entry surface with the probe focused on top surface (open circle). (B) shows the ratio of the contrast values of the middle two data plots in (A) with the crystal only contrast.
First, to obtain a baseline contrast with which to compare other contrast values, just the crystal layer with no amorphous material was simulated. The thickness of the crystal for this simulation was half the value of the total sample thickness of all crystal/amorphous simulations, and therefore half the thickness of the x-axis value in Figure 2 (A). To observe contrast reduction due to amorphous layers, an amorphous layer was added to the crystal layer. The sample was placed so that the crystal was at the entry surface and the probe focused on the entry surface. It was also oriented such that the amorphous layer was placed at the entry surface with the probe focused in two ways: the probe focused on the top surface, and with the probe focused on the crystal layer that begins at the center of the sample (termed 'defocused probe'). In the first case, with the crystal layer first, a large contrast reduction is seen of about 50% of the crystal only contrast. In the case with the amorphous first and a 'defocused probe', the contrast is slightly below that value, but showing the same behavior and trends. The contrast from a sample with the amorphous layer first and the probe focused on the top of the amorphous layer is very low, quickly reducing to zero. This is what is expected, since the amorphous layer acts only to defocus the probe and scatter it somewhat, so that by the time the probe reaches the crystal layer it is too defocused to resolve any crystal structure. This result was just as was seen in the previous study [8] . The plot in Figure 2B shows the ratio of the image contrasts of the crystal first and amorphous first (with the probe focused at the center of the sample) results and the
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crystal only result. Even though the thickness of the crystal layer is changing, the amorphous layer in both cases serve to reduce the contrast by about half, with the crystal layer first case showing slightly less contrast reduction. The gap of contrast between these two cases is interesting, due most likely to the scattering influence of the amorphous layer. When the amorphous layer comes first, it will scatter the probe causing a Gaussian-like background to be created as well as a probe that is simply defocused. This background scatter is enough to create less contrast in the subsequent image of the crystal sample. The Gaussian-like background is increased for amorphous samples of greater Z-values [8] , so it should be expected that the gap in contrast between crystal first and amorphous first ('defocused probe') would be greater for samples with larger Z. The plot showing these contrast values is shown in Figure 3 . The contrast gap as can be seen from Figure 3 is larger for samples with larger atomic number Z. This means that for samples with heavier atoms, the reduction of an amorphous layer on the entry side is even more critical in order to obtain a high-contrast ADF images using aberrationcorrected probes.
The question that every person involved in sample preparation eventually asks is, "How much amorphous is too much?" In an attempt to understand that question, the ADF image contrast was calculated for a set thickness of crystal Si with a varying layer of amorphous added to the exit surface of the crystal. Figure 4 shows the resulting contrast values. Three thicknesses of crystal were used, but the behavior of the contrast reduction with the amorphous layer thickness is very similar for all three cases. Figure 4(A) shows the contrast level, normalized to the contrast value for pure crystal, as a function of the thickness of the amorphous layer. For 50 Å of crystal, the contrast is reduced to ~50% when 50 Å of amorphous is added. Similarly, the contrast for 100 Å is reduced by half when 100 Å of amorphous is added. This similarity is more marked when the contrast levels are plotted as a function of the fraction of the amorphous layer to the crystal layer, as shown in Figure 4 (B). Now it is easier to see that all three lines follow the same basic trend. This shows that for any thickness of silicon crystal, the contrast reduction caused by an amorphous layer follows a simple trend that can be used to predict how much amorphous material is "too much". The values here cannot be transferred directly to experimental measurement, however, because these simulations do not take into account many additional contrast-reducing realities, including inelastic scattering, small sample tilts, and detector noise, among others.
CONCLUSIONS
The contrast of ADF-STEM images are reduced to about half when a sample is 50% crystal and 50% amorphous, with only a slight further reduction in contrast when the amorphous layer is placed at the entry surface (and the probe is focused on the crystal layer at the center of the sample). The contrast reduction due to the orientation of the amorphous layer at the entry surface of the beam increases when the sample consists of atoms of higher Z-value. Further, the contrast reduction of an ADF-STEM image follows a simple trend as the amorphous layer increases, no matter what the thickness of the crystal layer.
